Holstein-Rathlou N-H. Activation of a cGMP-sensitive calciumdependent chloride channel may cause transition from calcium waves to whole cell oscillations in smooth muscle cells. .-In vitro, ␣-adrenoreceptor stimulation of rat mesenteric small arteries often leads to a rhythmic change in wall tension, i.e., vasomotion. Within the individual smooth muscle cells of the vascular wall, vasomotion is often preceded by a period of asynchronous calcium waves. Abruptly, these low-frequency waves may transform into high-frequency whole cell calcium oscillations. Simultaneously, multiple cells synchronize, leading to rhythmic generation of tension. We present a mathematical model of vascular smooth muscle cells that aims at characterizing this sudden transition. Simulations show calcium waves sweeping through the cytoplasm when the sarcoplasmic reticulum (SR) is stimulated to release calcium. A rise in cGMP leads to the experimentally observed transition from waves to whole cell calcium oscillations. At the same time, membrane potential starts to oscillate and the frequency approximately doubles. In this transition, the simulated results point to a key role for a recently discovered cGMP-sensitive calcium-dependent chloride channel. This channel depolarizes the membrane in response to calcium released from the SR. In turn, depolarization causes a uniform opening of L-type calcium channels on the cell surface, stimulating a synchronized release of SR calcium and inducing the shift from waves to whole cell oscillations. The effect of the channel is therefore to couple the processes of the SR with those of the membrane. We hypothesize that the shift in oscillatory mode and the associated onset of oscillations in membrane potential within the individual cell may underlie sudden intercellular synchronization and the appearance of vasomotion. vasomotion; mesenteric arteries; mathematical model CYTOPLASMIC CALCIUM ELEVATIONS in the vascular smooth muscle cell (VSMC) exhibit a continuum of patterns. On the subcellular level calcium release from the sarcoplasmic reticulum (SR) may result from a coordinated opening of clusters of SR calcium-release channels (sparks) (31). On a cellular level, more massive release causes calcium waves to sweep across the cytoplasm. Ultimately, calcium may rise simultaneously in all parts of the cytoplasm, here referred to as whole cell oscillations (36).
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Asynchronous calcium waves in rat mesenteric small arteries are not normally associated with a development of tension (50) . In contrast, synchronized whole cell calcium oscillations are associated with a cyclic development of tension (50) . This phenomenon, known as vasomotion, has been observed in vessels from numerous vascular beds in different species (1, 9, 13, 15, 19, 23-25, 67, 70) . It has been implicated in the protection against tissue ischemia at critically low perfusion (52) , but despite having been known for more than 150 years (56) , that the significance and physiological role of vasomotion is still not well established (43) . The ubiquitous nature of vasomotion, though, and the observation that its characteristics change in diseased states, such as hypertension (37, 48) , preeclampsia (1) , and diabetes (63) , suggest the phenomenon has important microcirculatory functions.
In rat mesenteric small arteries, ␣-adrenoreceptor stimulation causes calcium waves to appear with a frequency of typically 3-6 min Ϫ1 (50) in both intact and endotheliumdenuded arteries (50, 51) . These waves seem to depend on a functional SR and are, in the short term, not dependent on calcium entry from the cell surface (50, 53) . Furthermore, the waves are uncoordinated between neighboring cells and are not associated with oscillations in membrane potential (51) . After a variable period, waves in intact arteries may transform spontaneously into high-frequency whole cell calcium oscillations associated with vasomotion (50) . In endothelium-denuded vessels, the same transition can be induced by application of the membrane permeable cGMP analog, 8-bromo-cGMP . Whole cell oscillations during vasomotion have a frequency of typically 10 -20 min Ϫ1 (23, 25) and are, in contrast to waves, associated with recurring changes in membrane potential (5, 24) and depend on cyclic influx and efflux of calcium across the plasma membrane (25, 50) . The effect of 8-BrcGMP on endothelium-denuded vessels suggests that cGMP may be involved in the transition from waves to whole cell oscillations also in intact arteries. Peng et al. (50) suggested that the effect of cGMP could be mediated through a cGMP-sensitive calciumdependent chloride channel located in the smooth muscle cell membrane (41) .
In endothelium-denuded vessels, Rahman et al. (51) demonstrated that, at low concentrations of 8-BrcGMP, the cells switch from waves to whole cell oscillations but that these oscillations are not well coordinated along the vessel. Instead, small islands of cells are oscillating with individual frequen-cies. Only as 8-BrcGMP is increased do these islands synchronize, leading to regular vasomotion. This observation indicates that rhythmic whole cell calcium elevations are a characteristic mode of oscillation within the individual VSMC that may precede and lead to vasomotion rather than being a consequence of it. It is therefore of interest as to what underlies the transition from waves to whole cell oscillations within the individual cell. The investigation of that question is the aim of the present study.
We present a mathematical cell model in which we focus on testing possible consequences of activation of a cGMP-sensitive calcium-dependent chloride channel located in the smooth muscle cell membrane. This channel was given key characteristics similar to those found in rat mesenteric small arteries (41) and was inserted into a cell model. Full-scale simulation of the model shows that a transition from the resting state to wavelike calcium elevations can be caused by an increased cytosolic concentration of inositol 1,4,5-trisphosphate [Ins(1,4,5)P 3 ], causing a release of calcium from the SR. A further transition to whole cell oscillations can be caused by an increased coupling between the calcium dynamics of the SR and that of the plasma membrane. This increased coupling is achieved through an activation of the cGMP-sensitive calcium-dependent chloride channel and leads to a characteristic shift in frequency and an onset of oscillations in membrane potential.
METHODS

The Model
Cell model. The VSMC is modeled as being spindle-shaped with a certain length, Lcell, and a certain central radius, rcell ( Table 1 ). The central one-third of the cell is cylindrical, whereas the lateral parts taper off. Figure 1A shows the cellular compartments considered in the model. These are the cytoplasm, the SR, and the plasma membrane. For simplicity, other membrane-bound organelles as well as specialized structures in the cytoplasm (e.g., cytoskeleton) are omitted. Figure 1B shows the characteristic elongated shape with tapering ends of a smooth muscle cell isolated from a rat mesenteric small artery (see Fig. 1 legend for details).
Cytoplasm model. The rate of change in the cytoplasmic calcium concentration (d[Ca 2ϩ ]Cyt/dt), due to a specific flux ( f ) of calcium will be denoted J Ca 2ϩ ϪCyt., f . The change in intracellular calcium concentration at a given point in the cytoplasm is the sum of the contributions from diffusion from other parts of the cell, from buffering, from the SR, and from calcium fluxes across the plasma membrane. The expression for the change in cytoplasmic calcium concentration, therefore, becomes as follows: 
Details of each of these terms are given in the APPENDIX. SR model. The SR is modeled as being diffusely distributed in the cytoplasm. Calcium is assumed to diffuse inside the interconnected SR cisternae to eliminate concentration gradients. The expressions for calcium diffusion and calcium buffering (66) inside the SR are, except for different constants, identical to the expressions used for the cytoplasm (APPENDIX, Diffusion and Ca 2ϩ Buffering). The rate of change in free calcium concentration in the SR becomes as follows:
where the ratio of cytoplasmic and SR volumes (vCyt/vSR) scales the rate of concentration change in the SR to its much smaller volume, compared with that of the cytoplasm. Membrane model. Differences in membrane potential from one place to another on the cell surface are assumed to equilibrate very rapidly (i.e., instantaneously) compared with all other processes considered in the model. Thus membrane potential (V m) is assumed to be the same everywhere in the cell. It is further assumed that ion channels, pumps, and carriers ( Fig. 1A ) are distributed across the whole cell surface but with varying local concentration (see Perturbation). The dynamic change in membrane potential is the sum of all transmembrane currents (45) :
where Cm,cell (Table 1) is the capacitance of the cell membrane. Except for I ClCa (see cGMP-sensitive calcium-dependent chloride current), details for each current are given in the APPENDIX. The equilibrium potential, E x, is defined as follows:
where R is the gas constant, T is the absolute temperature (293.15 K), z is the charge of the generic ion x, and F is Faraday's number (45) . The index o refers to the extracellular space. Except for the concentrations of calcium in cytoplasm and SR, all ion concentrations are held constant at their bulk cytoplasmic or extracellular values ( Table  2 ) and are thus assumed to be invariant on the time scale considered in the model (a few minutes). cGMP-sensitive calcium-dependent chloride current. (Table 3 ). A simple model of the bulk properties of this current is formulated as follows:
where g Cl Ca is maximum whole cell conductance of the channel. 
where ␣ ϭ ͓cGMP͔ m ͓cGMP͔ m ϩ k Cl, cGMP m (8) The constants of Eqs. 6 -8 are adjusted to fit experimental data from rat mesenteric vessels (41) . Hence, ␣ gives P open a dependence on [cGMP], whereas (ranging from 0 to 1) determines the overall strength of the influence from cGMP. Figure 2A shows the model-generated open probability for the channel as a function of [Ca 2ϩ ]Cyt at different levels of [cGMP]. Figure 2B shows experimental current densities at different levels of [cGMP] following application of caffeine (41) . Figure 2C shows the same curves as generated by the model. Figure 3A shows the experimental whole cell current in response to caffeine stimulation in the presence of 10 M cGMP (41) , and Fig. 3B shows the corresponding model-generated trace. For the simulation of Fig. 3B , the increase in [Ca 2ϩ ]Cyt in response to caffeine stimulation is assumed to follow the trace shown in Fig. 3C (29) .
Computational Methods
Discretization. The cell is divided along its longitudinal axis into e (ϭ120) segments. Radial concentration gradients are not considered. In the middle third of the cell, the segments are cylindrical and their volume (ve) and surface area (Se) are ve ϭ r cell 2 (Lcell/e) and Se ϭ 2rcell(Lcell/e), respectively. Toward the ends of the cell, the segments are shaped as a frustum of a cone with volume and surface area being v e ϭ [Lcell(r 2 ϩ Rr ϩ r 2 )/3e] and Se ϭ (R ϩ r) ͌ (R Ϫ r) 2 ϩ (Lcell/e) 2 , respectively, where R and r are the radii of the basis and top of the frustum, respectively. Each end of the tapering cell is assigned a radius (r min ϭ rcell/krad), which is an arbitrarily chosen fraction (1/krad) of the central cell radius (Table 1) .
Perturbation. A smooth muscle cell is heterogeneous along its longitudinal axis since the local concentration of SR (36) and mem-brane proteins may vary along the cell. Spatial heterogeneity is implemented in the model by multiplying a given quantity (perturbed quantities are marked with asterisk in the tables) by a perturbation factor ϭ 1 ϩ [( Ϫ 0.5) ϫ k perturb]. is a random number between 0 and 1. kperturb scales the size of the perturbation; for simplicity, the same value of kperturb (0.01) was used for all perturbed quantities. Thus varies randomly between each segment along the cell. In each segment, has an individual and independent value for each perturbed quantity. In addition to the parameters, the initial values of the variables [cGMP] and [Ins(1,4,5)P 3] are also perturbed according to the above formulation. The values of are maintained during a single simulation but change between simulations. Accordingly, the results vary slightly between each simulation. In simulations where [cGMP] is increased, it is increased by the same amount in all segments, hence preserving the differences in [cGMP] between the segments.
Wave velocity. Average velocity is calculated by determining, during the passage of a wave, the time by which calcium first exceeds 150 nM at two randomly chosen places in the central cell region, separated by a known distance. Wave speed is high, close to the point where the wave originates. It then decreases rapidly to reach a more stable level as the wave moves on. For that reason, velocity measurements are made Ͼ4 m away from the point of origin.
Numerical Methods
Software. The program source code was written in the C-programming language (ANSI C standard), using Microsoft Developer Studio (Visual Cϩϩ, v. 6.0, Microsoft, Seattle, WA). Cells were visualized using IDL 5.2 for Windows (Research Systems, Boulder, CO). Simulations were performed on ordinary desktop personal computers (Intel Pentium D, 2.8 GHz, dual-core central processing unit).
Initial conditions. As an initial condition, [Ca 2ϩ ]Cyt and [Ca 2ϩ ]SR are set to 100 nM and 1 mM, respectively, and Vm to Ϫ50 mV. The cytosolic oscillator in each segment along the cell is started in an individual state by varying randomly (between 0 and 1) the initial value of finact (APPENDIX, SR-Calcium Uptake and Release) along the cell.
Integration method and numerical stability. Equations 1-3 and their associated gating variables are integrated forward in time using the explicit Euler method with a fixed time step: ⌬t ϭ 5 ϫ 10 Ϫ4 s. At this ⌬t, based on test simulations, numerical instability is avoided (appearing as a rapid divergence toward ϩϱ of V m and/or [Ca 2ϩ ]Cyt/ [Ca 2ϩ ]SR) and simulations can be completed within a reasonable time (minutes to a few hours) with only a negligible difference in the final result, compared with simulations using smaller time steps. Reducing the time step by a factor of 10 (⌬t ϭ 0.5 ϫ 10 Ϫ4 s) or 100 (⌬t ϭ Fig. 7 . Calcium waves and whole cell oscillations in the stimulated cell. A: the ramp increase in [cGMP] applied to the system. B: the cell is in a stimulated state with inositol 1,4,5-trisphosphate {[Ins(1,4,5)P3]; ϭ1.75 M}. C: as [cGMP] increases, the cell enters a mode of fast whole cell oscillations, and the membrane potential starts to oscillate. Vm, membrane potential. D: small oscillations are seen in [Ca 2ϩ ]SR during the wave phase. They increase in frequency and amplitude as the cell enters whole cell oscillations. E: [Ca 2ϩ ]Cyt at two different points in the cytoplasm (inset: white and black points). The graph shows the traces from these points. In the wave state, calcium oscillates out of phase as waves sweep across the cell from left to right. When the cell enters whole cell oscillation mode, the calcium oscillations synchronize at the two points and frequency increases. At t ϭ 50 s, a 100-ms potential clamp at Ϫ30 mV causes transition from waves to whole cell oscillations. A depolarizing pulse of longer duration (10 s) causes the system to switch back (following calcium flooding of the cytoplasm). A 100-ms hyperpolarizing potential clamp at Ϫ60 mV at t ϭ 150 s once again switches the system to the fast oscillation mode. 0.05 ϫ 10 Ϫ4 s) and integrating the system for 600 s caused less than a 0.35% change in the computed solution.
Animal Experiments
All procedures complied with Danish animal welfare regulations. Animal facilities were approved by the Danish Inspectorate for Experimental Animals and the Animal Welfare Officer of the Medical Faculty of the University of Aarhus. Figure 4 illustrates how the isolated "cytosolic oscillator" consisting of buffered cytosol, the SR membrane with associated calcium channels and pumps (cf. Fig. 1 ), and the buffered SR interior is able to produce autonomous oscillations (solution of Eqs. A2-A5). When the calcium release channel is unstimulated, i.e., at low [Ins(1,4,5)P 3 ], calcium fluxes across the SR membrane outbalance each other and [Ca 2ϩ ] Cyt and [Ca 2ϩ ] SR stay constant. If [Ins(1,4,5)P 3 ] is raised, the calcium release channel becomes more sensitive to calcium at the ambient calcium level. Consequently, the efflux rate from the SR increases, rendering the system unstable. This is illustrated in Fig. 4A . A calcium peak is preceded by a slow rise in [Ca 2ϩ ] Cyt , continuing until a threshold value is reached at around 120 nM. Past this point, there is a rapid increase in [Ca 2ϩ ] Cyt due to calcium-induced calcium release (CICR). Release is terminated by the slow binding of calcium to the inactivation site on the calcium release channel. The system instability is caused by the slowness of the binding of calcium to this site, combined with the inability of the sarco(endo)plasmic reticulum calcium-ATPase (SERCA) to keep up with the massive release during CICR. Neither lateral diffusion nor the plasma membrane model is included in this simulation. Therefore, the system simulated in Fig. 4 corresponds to a closed system in which a preserved amount of calcium is transported back and forth between the SR and cytoplasm. As a consequence, an inverse oscillation is seen in the local SR (Fig. 4B , note the difference in concentration scale). In this system, increasing [Ins(1,4,5)P 3 ] results in large amplitude oscillations occurring abruptly at [Ins(1,4,5)P 3 ] ϭ 1.1299 M. The stable limit cycle found above this concentration has almost a constant amplitude despite a further increase in [Ins(1,4,5)P 3 ].
RESULTS
Cytoplasm and SR Model
Segmenting the cell along its longitudinal axis, describing the local Ca 2ϩ dynamics in each segment by the above model, and including calcium diffusion between the segments (solution of Eqs. A1-A5, plasma membrane model not included), a local calcium elevation will now cause release from neighboring parts of the SR, and the result will be repetitive waves sweeping through the cell. Figure 5A shows this wave and the inverse wave in the SR [see also movie 5A 1 (cytoplasm) and 5A 2 (SR); note: suplemental movies may be found with the online version of this article]. For comparison with an in vitro wave, please see Ref. 50 . The frequency of the waves depends on the rates at which calcium passes across the SR membrane. An increase in r CIRC , r leak (Eq. A3), or [Ins(1,4,5)P 3 ] (Eq. A4) results in increased wave frequency, whereas an increase in r SERCA (Eq. A3) reduces wave frequency. Because of the random perturbation of the system parameters, waves will be Fig. 9 . Frequency and amplitude of whole cell oscillations. A: frequency as a function of average membrane potential (see text for details). Relative hyperpolarization causes the system to oscillate with a low frequency (comparable with that of waves). Depolarization causes a substantial acceleration in frequency. B: same simulations as in A. The amplitude (distance between curves) of the cytosolic calcium oscillations is insensitive to oscillation frequency. initiated in the cytoplasmic segment along the cell having the highest intrinsic frequency. This segment will pace the other segments, and thus it will be the site of origin of the waves and will determine the overall wave frequency.
As illustrated in Fig. 5B (and movie 5B) , wave integrity depends on diffusion to coordinate calcium release along the cell. Furthermore, diffusion averages frequency and amplitude of the individual oscillators, allowing a smooth wave to appear. The sequence of Fig. 5B starts during a period of stable waves (first frame). At t ϭ 3 s, the cytoplasmic diffusion coefficient for calcium is abruptly set to zero, stopping all lateral diffusion. Immediately, the wave pattern breaks up into uncoordinated local calcium elevations of varying frequency and amplitude, and some segments stop oscillating. One minute later, the diffusion coefficient again attains its original value and the smooth wave pattern reemerges. The speed of the waves depends on the volume fraction of SR in the cell. As shown in Fig. 6 , increasing this fraction from 2% to 14% increased average wave speed from ϳ2 to 105 m/s.
Whole Cell Model
With the inclusion of the plasma membrane, transmembrane fluxes of calcium come into play (solution of all described equations). These fluxes are strongly influenced by the membrane potential. The latter is uniform across the cell surface and therefore acts to synchronize processes in different parts of the cell. Initially, with the cell in a resting state, i.e., low [Ins(1,4,5)P 3 ], [Ca 2ϩ ] Cyt remains constant at 100 nM and membrane potential is stable at approximately Ϫ51.5 mV (not shown). Figure 7 shows the conditions necessary to induce waves and oscillations in the whole cell model. The simulation is started in a stimulated state with a moderately high [Ins(1,4,5)P 3 ] level (1.75 M). Experimentally, ␣-adrenoreceptor stimulation, leading to an increase in [Ins(1,4,5)P 3 ], is associated with a depolarization that does not depend on [Ca 2ϩ ] Cyt (44) . Consequently, a modest depolarization (ϳ3 mV) was assumed to be associated with the increase in [Ins(1,4,5)P 3 ]. In the cell model, average membrane potential can be modulated by adjusting the background conductance of either Na ϩ , K ϩ , or Cl Ϫ . Alternatively, average membrane potential can be altered by altering the activity of the Na ϩ /K ϩ -ATPase. The effect of a change in average membrane potential only depends on the magnitude of the change and not on the specific source of the current causing the change in potential. Under these conditions, the cell shows cytoplasmic calcium waves. As shown in Fig. 7C , these are associated with only infinitesimal oscillations in membrane potential. In the absence of additional external influences, waves will continue to cross the cytoplasm with a frequency in the order of 6 -7 min Ϫ1 . In the presence of the membrane, waves are consistently initiated in the tapering ends of the cell (cf. movie 7E). Figure 7E shows the calcium profile from two different points in the cell (marked with a point in the same shading as the curve). During the wave period, frequency is low and calcium rises first at the most lateral (gray) point. Increasing the concentration of cGMP (Fig. 7A ) makes the wave pattern transform abruptly into whole cell oscillations with a frequency roughly twice that of the waves (Fig. 7E and movie 7E ). In addition, there is an increase in amplitude. A secondary reduction in [cGMP] will lead to reemergence of the wave pattern. Whereas the waves have only minimal influence on the membrane potential, the onset of whole cell oscillations is associated with the onset of oscillations in membrane potential (Fig.  7C ). The appearance of whole cell oscillations is independent of how [cGMP] is increased (a ramp increase is used for simplicity) and of whether [Ins(1,4,5)P 3 ] is increased first and [cGMP] afterward or vice versa. For the system to go through the wave stage, though, [Ins(1,4,5)P 3 ] must increase first. Figure 8A shows the concentrations of cGMP at which the cell displays waves and those at which it displays whole cell oscillations. The frequency of the whole cell oscillations decreases with increasing [cGMP] due to its influence in the Na ϩ /K ϩ -ATPase (cf. Eq. A8, not shown). In a certain range of [cGMP], the cell can exist in either of the two states, and it can switch between these states without any change in parameters. This bistable condition is shown in Fig. 8B where a short lasting de-or hyperpolarization (large arrows), applied to a cell in the low-frequency wave state, causes a resetting of the individual oscillators along the cell and an initiation of sustained, high-frequency whole cell oscillations. A depolarization of longer duration (Fig. 8B, short arrow) causes calcium flooding and a reemergence of low-frequency waves as calcium is pumped back into the extracellular space.
Frequency and Amplitude
When the cell is in the whole cell oscillatory mode, a main determinant of frequency is the membrane potential. This is shown in Fig. 9A where average membrane potential was modulated as described in relation to Fig. 7 . The figure shows a positive correlation between average membrane potential and frequency. In fact, the spectrum of whole cell oscillation frequencies is so broad that the lowest frequencies overlap those of the preceding waves (50) . Figure 9B shows the amplitude (distance between curves) of the oscillation in the intracellular calcium concentration for the same simulations as in Fig. 9A . The amplitude is virtually independent of the frequency.
DISCUSSION
Transition from waves to whole cell oscillations in individual cells of rat mesenteric small arteries is seen in close relation to intercellular synchronization (50) . It raises the question as to whether this transition is caused by intercellular synchronization per se or whether a change within the individual cell promotes sudden synchronization. On the basis of the present model, we hypothesize that the latter is the case. The main findings of the simulations are that a shift in oscillatory mode, a shift in frequency, and the onset of oscillations in membrane potential may all be explained on the basis of the processes occurring within the individual cell.
In vitro intercellular synchronization occurs abruptly and often, on a cellular scale, across large distances (for a movie of the synchronization process, please see Ref. 50) . VSMCs are electrically coupled (54) and may influence each other through intercellular differences in membrane potential, which could therefore act as the fast spreading signal causing synchronization.
Simulations of the present model show an absence of membrane potential oscillations in the wave state (Fig. 7C ). This is in accordance with the observation of Rahman et al. (51) that endothelium-denuded, norepinephrine (NE)-stimulated vessels show waves but no oscillations in membrane potential. Most likely, cells in the wave state are therefore unable to influence each other in a rhythmic fashion through the membrane potential. The shift in oscillatory mode and the onset of oscillations in potential change this situation. Coupled cells may now rhythmically influence each other, ultimately leading to intercellular synchronization.
The present results indicate that the characteristic shift in both oscillation mode and frequency may be explained as a consequence of an increased spatial and temporal coupling between SR and plasma membrane established through the activation of a cGMP-sensitive calcium-dependent chloride channel. Indeed, estimates of [cGMP] in the mesenteric arterial tree (40) recalculated to water volume (2) indicate that the chloride channel can be regulated by cGMP within the physiological concentration range. An increase in [cGMP] will increase the sensitivity of the channel to calcium released from the SR. Consequently, localized calcium release will now have a small, but global, depolarizing influence on the membrane, causing uniform calcium influx through L-type calcium channels and entrainment of CICR throughout the cell. Following an increase in [cGMP], the system thus enters a positive feedback loop between chloride, L-type, and SR calcium release channels, causing cytoplasmic calcium to rise rapidly throughout the cell (Fig. 7E ) and switching the pattern from low-frequency waves to high-frequency whole cell oscillations.
In NE-stimulated endothelium-denuded preparations not showing spontaneous vasomotion, the latter can be induced by application of 8-BrcGMP (23, 24, 26, 50, 51) . Furthermore, the degree of coordination between different parts of the isolated vessel has been found to increase with increasing [8-BrcGMP] (51). In native vessels, cGMP production depends on nitric oxide (NO) released from the endothelium, but endothelial denudation has a variable effect in rat mesenteric small arteries. In some studies, denuded vessels stimulated only with ␣-adrenoreceptor agonist show no vasomotion (23, 24, 26, 42, 50, 51) , whereas vasomotion is found in others (35, 59) . The reason for this discrepancy is not clear. Along the same line, the abolition of vasomotion with inhibitors of NO synthase or guanylate cyclase (producing cGMP in response to NO) in mesenteric (24) or retinal (28) vessels is found in some studies but not in others (42, 51) . Sell et al. (59) found that increasing [NO] by acetylcholine stimulation abolished vasomotion, whereas reducing it with N G -nitro-L-argninine methyl ester promoted rhythmic activity. Some of these discrepancies could be due to the existence of a certain region of [cGMP] in which vasomotion and, hence, synchronized whole cell oscillations are seen. Such a region is found in the present simulations ( Fig. 8A) and could, in the experimental setting, be entered by both increasing (24, 50, 51) or reducing (59) [cGMP]. Similarly, the region may be left by either reducing (24) or increasing (59) [cGMP]. Furthermore, its size and position may vary with the experimental conditions and with the presence of other substances, e.g., endotheliumderived hyperpolarizing factor (42), known to play important roles in the initiation of vasomotion. Other possibilities could be that the mechanisms underlying vasomotion differ between vascular beds or that vasomotion can arise from different mechanisms within the same vascular bed. Indeed, in iridial arterioles, vasomotion may continue during voltage clamp (27) , a situation that is incompatible with the present model.
A number of experimental (3, 48, 68) and model (33) studies show that myogenic contraction, a process known to be associated with membrane depolarization (57), increases vasomotion frequency. The results of the present simulations indicate that membrane potential could indeed be an important determinant of frequency (Fig. 9A ). It therefore seems counterin-tuitive that 8-BrcGMP in fact reduces vasomotion frequency with increasing concentration (28, 51) , considering its depolarizing effect via the chloride channel. One possibility is that cGMP has an opposing effect via another electrogenic membrane protein; in the present model, the Na ϩ /K ϩ -ATPase. Such an effect still allows for a frequency shift at the transition from waves to whole cell oscillations, but a larger increase in [cGMP] will reduce the frequency of the whole cell oscillations. In support of this suggestion, Gustafsson et al. (24) showed that in endothelium-denuded, NE-stimulated mesenteric vessels, exposure to sodium nitroprusside (releasing NO) is associated with hyperpolarization. Furthermore, a stimulating effect of cGMP on the Na ϩ /K ϩ -ATPase has been found in pulmonary arterial smooth muscle cells (64, 65) , whereas in other tissues the effect can be either absent or inhibitory (6, 60) . The simulated results, however, depend critically on neither which current is affected by cGMP nor the exact characteristics of the stimulation as a function of cGMP (Eq. A8). Rather, the important thing is the general effect of modulating membrane potential. Test simulations showed a similar effect on frequency, assuming a stimulatory effect on calciumactivated potassium current (58) . Inhibition of Na ϩ /K ϩ -ATPase activity with 1 mM ouabain abolishes arterial vasomotion in both intact and endothelium-denuded rat mesenteric arteries (26, 47) , and, since this effect is immediate, Gustafsson and Nilsson (26) suggested it was due to membrane depolarization. Similarly, a too strong depolarization also abolishes oscillations in the present simulations ( Fig. 9A) .
Critique of the Model
The present model is qualitative in nature, and its focus is on the qualitative behavior of the system. Free parameters are unavoidable in cell models, and their values must be chosen so as to give basic model components a realistic behavior compared with experimental observations. For that reason, the model cannot be said to represent a unique description of a rat intestinal VSMC. Rather, it is a cell model with some features specific for this cell type. A simplification of the present model is that microdomains between SR and plasma membrane are not considered (for an excellent review, see Ref. 36) . Ionic concentrations may here reach values not seen in the bulk cytoplasm. The highly organized ultrastructure of the SR may have implications for the regulation of the membrane potential (32) . SR located in the periphery may also to some degree shield the deep parts of the cytoplasm from calcium entering the cell, a phenomenon known as "the superficial buffer barrier" (36, 55) . In such areas the sodium/calcium exchanger may continuously offload calcium from the SR before it enters into deeper parts of the cell (36) , or it may periodically operate in reverse mode when local sodium concentration becomes high (7) . Elsewhere on the cell surface, the sodium/calcium exchanger may rather be in contact with the bulk cytoplasm. Such functional heterogeneity is not taken into account, and its consequences are difficult to evaluate; most likely though, forward mode operation will be the most common mode of operation, and hence in accordance with the present formulation.
Specialized surface structures such as caveolae are not considered in the model. Caveolae may penetrate the peripheral SR and, due to the presence of voltage-sensitive calcium channels, deliver calcium directly to the deep cytoplasm (36) . This organization would, on the other hand, agree with the present formulation with the lack of a superficial buffer barrier.
Lack of a superficial buffer barrier for Ca 2ϩ may, however, explain some of the present results. Experimentally, calcium waves appear to be due primarily to calcium release from the SR, since they continue in calcium-free medium (50) . Simulating the model without calcium fluxes across the plasma membrane (Fig. 5A) shows a similar sustained wave pattern, with a realistic wave velocity (Fig. 6) With an inclusion of calcium fluxes across the plasma membrane, however, simulated wave velocity is generally lower (2-5 m/s) due to the local extrusion of calcium from the wave. Furthermore, an insufficient influx of extracellular calcium will lead to the immediate disappearance of the wave pattern. One explanation for this discrepancy could be that in the living cell, calcium released to the deep parts of the cytoplasm does not come into contact with the plasma membrane as easily as is the case in the present model where radial concentration gradients are omitted (36) . Simulating the intricate three-dimensional structure of the SR with associated microdomains in a whole cell would probably resolve some of this discrepancy, but this will require a more elaborate model with a heavy computational burden. The present simpler approach allows the simulation of single cells and large systems of coupled cells while still retaining the characteristic ability of the system to generate waves based on CICR.
Another simplification is that CICR is based on a single calcium release channel, although two kinds of channels are known to coexist in the VSMC (55) . Both show CICR and inhibition at high [Ca 2ϩ ] Cyt . The Ins(1,4,5)P 3 receptor channel is sensitive to calcium at its bulk cytoplasmic concentrations, whereas the ryanodine receptor channel requires micromolar concentrations (71) . In VSMCs of the rat mesentery, waves are seen after ␣-adrenoreceptor stimulation, leading to a generation of Ins(1,4,5)P 3 , indicating a central role for the Ins(1,4,5)P 3 receptor channel. In the same cells, though, a blockade of the ryanodine receptor channel inhibits waves (50) . In fact, Boittin et al. (8) found that, in isolated portal vein myocytes, both kinds of receptors are necessary for generating normal waves. As pointed out by Sanders (55) , in a mixed population of release channels, it is most likely that the two channel types mutually stimulate each other. Despite being based around a single release channel, the CICR mechanism of the present simple model still reproduces the experimentally observed amplitude and frequency characteristics of calcium elevations in the bulk cytoplasm ( Figs. 4 -9 ). This has been a primary goal of the model.
In conclusion, the present simulations indicate that the transition from waves to whole cell calcium oscillations and the associated increase in frequency observed at the onset of vasomotion may be explained on the basis of processes within the individual cell. These processes include activation of a cGMP-sensitive calcium-dependent chloride channel that couples the calcium dynamics of the SR with that of the membrane. We hypothesize that the onset of membrane potential oscillations associated with this process promotes intercellular synchronization.
APPENDIX
Constants defined in the tables are referred to in each subsection below. Table 5 . SR calcium is modeled as being released through a common release channel sensitive to calcium at bulk cytoplasmic concentrations and to [Ins(1,4,5)P 3] (see DISCUSSION) . CICR occurs at low [Ca 2ϩ ]Cyt, whereas higher concentrations inhibit further release (16, 71) . Calcium is taken up into the SR through the SERCA. With r denoting rate constants, total calcium flux related to the SR is modeled as follows (16): fact and finact are the fractions of the channel population occupied by calcium at the activation and inactivation sites, respectively. Since it is fast compared with inactivation, f act is assumed to follow steadystate kinetics (38) . Hence (with bar referring to steady state),
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The dynamic change in f inact is modeled as following first-order kinetics (in analogy with Eqs. 6 and A5).
Calcium Flux Across the Plasma Membrane
The sum of these calcium fluxes are as follows:
J Ca 2ϩ ϪCyt, plasma membrane ϭ Ϫ 1 2zFv Cyt ͑2I CaP Ϫ 2I NaCa ϩ I CaL ϩ I Ca, back ͒
z is the charge on the calcium ion (ϩ2). Details of each current are given below.
Ion Transporters
The present model includes three ion transporters.
The Na ϩ /K ϩ -ATPase. Table 6 . The Na ϩ /K ϩ -ATPase has stoichiometry 3Na ϩ :2K ϩ and hyperpolarizes the membrane. The whole cell current, INaK, is modeled as previously shown (39, 45, 69) : cGMP is modeled as having a stimulating effect on Na ϩ /K ϩ -ATPase activity (18, 65) and hence maximum whole cell current. INaK,max is modeled as follows:
The plasma membrane calcium-ATPase. Table 7 . Plasma membrane calcium-ATPase (34) extrudes calcium from the cytosol in exchange for H ϩ [stoichiometry probably 1Ca 2ϩ :1H ϩ (46), but the ratio may depend on pH (21, 22) ]. Its activity depends on local [Ca 2ϩ ]Cyt (20, 39, 45, 46) modulated by membrane potential as modeled by Parthimos et al. (49) . Hence,
The Na ϩ /Ca 2ϩ exchanger. Table 8 . The Na ϩ /Ca 2ϩ exchanger has stoichiometry 3Na ϩ :1Ca 2ϩ and extrudes calcium in the forward mode of operation (7) . The current, INaCa, was modelled according to Parthimos et al. (49) as follows:
where ENa/Ca ϭ 3ENa Ϫ 2ECa.
Ion Channels
Voltage-sensitive calcium channel. Table 9 . Current through this channel is modeled as follows (69):
d L and fL are the dynamic activation and inactivation gates, respectively, and d |AzL and f L denotes the corresponding steady-state gates (14) . The latter are modeled as following a Boltzmann distribution (69) (with x symbolizing either d L or f L and with a and i referring to activation and inactivation) as follows:
x ϭ ͑1 ϩ e ͑VmϪV1/2 a/i ͒lϪkslope a/i ) Ϫ1 (A12) d L is assumed to follow steady-state kinetics (69) . Since the inactivation process may include a noninactivating component (69) , fL is modelled as fL ϭ 0.74ff ϩ 0.26 (69) , where ff, being the dynamic component of the inactivation gate, is assumed to follow first-order kinetics (cf. Eq. 6) with time constant (69) as follows:
CaL ϭ k 3 i e Ϫ͓͑Vmϩk4 i ͒/k5 i 2 ϩ k 6 i (A13)
Voltage-and calcium-sensitive potassium current. Table 10 .
Voltage-and calcium-sensitive potassium current is modeled according to a lumped model for an arterial cell by Parthimos et al. (49) as follows: Background Currents Table 11 . Background currents, Iback,x, of the ion x with background conductance, gback,x and equilibrium potential Ex is as follows: 
